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ArithmeticImprovements in enumeration abilities that emerge over late
childhood are primarily thought to reﬂect perceptual develop-
ments such as increases in subitizing limits for small sets and
faster shifting of attention associated with serially counting lar-
ger sets. Contributions of conceptual knowledge development,
such as the growing appreciation of how whole numbers are
composed of subsets of whole numbers, are not as well under-
stood. This study examined the emergence of a process referred
to as ‘‘groupitizing,’’ which captures how children may capitalize
on grouping information to facilitate enumeration processes. We
examined enumeration speed in a cross-sectional sample of chil-
dren (N = 378), spanning kindergarten through third grade, using
arrays of dots. Arrays were either unstructured or grouped by
proximity into subsets in the subitizing range (i.e., three sub-
groups of 1–3 items). Kindergarten children showed no evidence
of grouping structure on enumeration. First-grade children enu-
merated grouped arrays faster than unstructured arrays. This
structure effect grew progressively stronger in subsequent
grades. Enumeration speed for unstructured arrays increased
with set size, yet for grouped arrays the impact of set size was
dependent on grade level. For kindergartners, the grouping
manipulation had no impact on the effect of set size. For older
children, the grouping manipulation reduced the effect of set size
on enumeration. Furthermore, individual differences in how set
size affected enumeration of grouped arrays showed unique pat-
terns of association with performance on standardized symbolic
arithmetic ﬂuency tests, suggesting a unique role for the
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ency and symbolic math skills.
 2014 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license (http://creativecom-
mons.org/licenses/by-nc-nd/3.0/).Introduction
The development of early proﬁciency in mathematics is foundational for academic achievement
(McClelland, Acock, & Morrison, 2006; Parsons & Brynner, 2005) and an individual’s economic pros-
pects (Cawley, Conneely, Heckman, & Vytlacil, 1996). Interdisciplinary research across the ﬁelds of
education and cognitive development has led to recent discoveries that variations in symbolic math-
ematical skills are linked to more fundamental aspects of numerical cognition. For example, individual
differences in children’s ﬂuency with exact enumeration—the mental process of determining the exact
number word that corresponds to the cardinal value of a set of items—are predictive of math skill
development (e.g., Aunio & Niemivirta, 2010; Fischer, Gebhardt, & Hartnegg, 2008).
Interestingly, most psychophysical paradigms that study the development of cognitive processes of
enumeration have focused on perceptual factors that govern enumeration speed such as how the
number of items children can perceive in a single act of attention is linked to symbolic math skills
(e.g., Kroesbergen, Van Luit, Van Lieshout, Van Loosbroek, & Van de Rijt, 2009). Such paradigms typ-
ically employ stimulus designs that systematically remove or minimize spatial grouping cues that
may allow one to perceive subsets within each array. However, such designs likely minimize the
potential contribution that conceptual developments in children’s understanding of number may
make to the development of enumeration ﬂuency. For example, as children come to appreciate that
an exact number is composed of many combinations of smaller numbers, they may capitalize on such
conceptual developments during exact enumeration.
The current study aimed to investigate both perceptual and conceptual developments that may
underlie the emergence of ﬂuent enumeration and to examine how each of these developments con-
tributes to individual differences in symbolic math skills. Our approach was to expand the typical enu-
meration ﬂuency psychophysical paradigm by manipulating the presence or absence of spatial
grouping cues. This provided an opportunity to measure the degree to which children take advantage
of these grouping cues to overcome the perceptual limits that otherwise govern enumeration. This
approach allowed us to experimentally dissociate perceptual components (i.e., limitations on how
many items can be perceived at once) and conceptual components (i.e., knowledge of how small
groups of items combine to form larger sets) of enumeration ﬂuency. Furthermore, this design enabled
a direct test of the hypothesis that cognitive mechanisms of exact enumeration, and their contribution
to emerging ﬂuency in symbolic arithmetic, undergo dramatic transformations over the early years of
formal mathematics training.
Perceptual factors inﬂuence enumeration processes
In 1871, Stanley Jevons published one of the the ﬁrst experimental studies on the limits of human
perception in assessing exact enumeration. Using a clever ‘‘bean counting’’ paradigm, he demon-
strated that he could enumerate quantities up through ﬁve beans nearly instantaneously, reﬂecting
a single act of perception, yet beyond ﬁve enumeration accuracy decreased linearly with set size. This
result suggested that despite having a concept of exactly 6, 7, and 8, one cannot directly access those
representations via perception but rather must rely on an indirect process such as serial counting that
requires an additional increment of time for each additional unit in a set. In the 140 years since this
initial experiment was published, many studies have investigated the cognitive processes underlying
the mental operation of exact enumeration, the distinctions between enumeration of small sets and
larger sets, and how these processes emerge over the course of development (Beckwith & Restle,
1966; Chi & Klahr, 1975; Gallistel & Gelman, 1992; Kaufman, Lord, Reese, & Volkmann, 1949; Klahr,
1973; Logan & Zbrodoff, 2003; Piazza, Giacomini, Le Bihan, & Dehaene, 2003; Trick & Pylyshyn, 1994).
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tion between the two ranges that Jevons (1871) observed can be demonstrated via a bilinear reaction
time by set size function, with a shallow slope for set sizes 1 to 4 and a distinctly steeper slope for set
sizes larger than 4 (Chi & Klahr, 1975; Ester, Drew, Klee, Vogel, & Awh, 2012; Trick & Pylyshyn, 1994;
Wender & Rothkegel, 2000). The rapid and highly accurate enumeration of small quantities is referred
to as subitizing (Kaufman et al., 1949). Subitizing is considered to be a distinct cognitive process from
serial counting, which is the process responsible for exactly enumerating sets larger than 4. Serial
counting is believed to require shifts of attention for each additional item, accounting for the linear
increase in reaction time as set sizes increase (Beckwith & Restle, 1966; Klahr, 1973; Piazza et al.,
2003).
In contrast to subitizing skills, which emerge as early as infancy (Feigenson, Carey, & Hauser, 2002;
Starkey & Cooper, 1980), serial counting abilities also rely on number concepts acquired later in child-
hood. Beginning counters implement a successor function to count items, moving through the number
word sequence with each additional item, but use a rigid strategy, counting in a standard direction and
moving from one item to the next without skipping around (Gelman & Gallistel, 1978; Izard, Pica,
Spelke, & Dehaene, 2008; Sarnecka & Carey, 2008). Typically, children shift to more ﬂexible counting
strategies at around 5 years of age, indicating a more mature understanding of number composition
(Geary, 2004).
Conceptual developments in enumeration
There is mounting evidence that children’s conceptions of number continue to develop across
childhood and into early elementary school and that such conceptual developments may inﬂuence
the cognitive processes of enumeration. For example, once serial counting skills have solidiﬁed, chil-
dren begin to implement the successor function in the new context of combining sets of items
together. After following an initial ‘‘counting all’’ strategy for determining the cardinal value of a
set, which involves counting all items from the beginning, children soon shift to a more efﬁcient
‘‘counting on’’ strategy, in which they count up starting from the cardinal value of one subset
(Siegler, 1987). Facility with counting on is linked to math achievement in typically developing chil-
dren, and it is less likely to be used by children with a math disability (Geary, 2004; Jordan, Kaplan,
Ramineni, & Locuniak, 2008). Note that although counting on still involves serial counting, starting
the successor function from the cardinal value of a subset demonstrates insight into number compo-
sition—the notion that a set is composed of combinations of smaller sets.
Children’s understanding of number composition and set combination, and their ability to apply
these concepts to mathematical operations, is linked to later development of more complex arithmetic
(Clements, 1999; Fuchs et al., 2006). Fluency with combining sets to produce exact quantities has been
identiﬁed as a strong predictor of future math achievement, and difﬁculties with such tasks represent
a risk factor for later math difﬁculties (Geary, Hoard, Byrd-Craven, Nugent, & Numtee, 2007; Gersten,
Jordan, & Flojo, 2005; Jordan, Kaplan, Locuniak, & Ramineni, 2007; Jordan, Levine, & Huttenlocher,
1994). Furthermore, instruction and practice with counting strategies that incorporate subsets (i.e.,
counting on) improves children’s ﬂuency with combining numbers, which transfers to improvements
in more complex arithmetic calculations (Fuchs, Powell, et al., 2010; Fuchs et al., 2009). As children
progress through early childhood and elementary school, number words may take on new meanings
that reﬂect the composition of the number (e.g., that 5 is also 2 and 3 combined). Flexibility and efﬁ-
ciency in applying these new insights is an important aspect of building math competence (Geary,
2004; Lindberg, Linkersdörfer, Lehman, Hasselhorn, & Lonnemann, 2013). Together, these ﬁndings
motivated the current study, which sought to examine the inﬂuence of such conceptual developments
on children’s enumeration skills and to link such enumeration processes to more complex mathemat-
ical abilities.
‘‘Groupitizing’’: Capitalizing on grouping cues during enumeration
We introduce the term ‘‘groupitizing’’ (McCandliss et al., 2010) to refer to a phenomenon in which
enumeration speed is enhanced by the presence of grouping cues, especially those that cue the pres-
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enumeration reviewed above, psychophysical investigations of the cognitive processes involved in
enumeration generally use stimulus arrays that do not allow one to capitalize on any knowledge of
combining small sets to form larger sets. Rather, as mentioned above, these paradigms generally pres-
ent arrays of objects that are devoid of any useful grouping cues. Wender and Rothkegel (2000) pro-
vided an exception to this pervasive design principle, demonstrating that when stimuli are grouped
into subsets of subitizable quantities, adults can enumerate large sets of objects more rapidly. In fact,
when spatial grouping cues were present, reaction times for enumeration for sets of up to 10 items
showed similar set size effects to sets in the subitizing range. Importantly, their results also suggested
that faster enumeration of grouped arrays do not simply reﬂect recognition of familiar, or ‘‘canonical,’’
patterns such as typical dot arrangements seen on dice (Mandler & Shebo, 1982).
Wender and Rothkegel’s (2000) adult study suggested that grouping information has a profound
impact on enumeration, yet neither the processes that underlie this contribution nor their develop-
ment is well understood. On one hand, it is possible that the reaction time beneﬁt of groupitizing
merely reﬂects an enhancement of perceptual processes that are also applied to an ungrouped array
(Van Oeffelen & Vos, 1982). After all, the Gestalt law of proximity, which states that individuals per-
ceive objects that are spatially close to each other as forming a group, is fundamentally a perceptual,
rather than a numerical, construct. (Compton & Logan, 1993; Van Oeffelen & Vos, 1982).
On the other hand, Wender and Rothkegel (2000) suggested that introducing grouping cues into an
array enables the contribution of other conceptual insights about number to facilitate enumeration,
such as knowledge embodied in the understanding of addition. Thus, in contrast to the notion that
groupitizing beneﬁts reﬂect only enhancements of perceptual processes, groupitizing might also
reﬂect adults’ ability to apply their grasp of number concepts such as the knowledge that speciﬁc
numbers are composed of speciﬁc subsets.
One noteworthy aspect of groupitizing in adults is that it does not appear to conform to the same
set size effect that is characteristic of enumeration of sets larger than the subitizing range (i.e., as set
size increases, enumeration latency increases, presumably reﬂecting the time required for serial shift-
ing of attention). Although this question was not directly examined by these authors, a subset of
Wender and Rothkegel’s (2000) ﬁndings provided some preliminary suggestion that for grouped
arrays, the total number of items to be enumerated had no effect on enumeration latencies as long
as the number of subgroups was held constant and the size of each subgroup fell within the subitizing
range. For example, under such constraints, adults could enumerate an array of seven objects just as
rapidly as an array of ﬁve objects. This suggests that groupitizing may engage a form of processing that
is not constrained by the requirement for serial shifts of attention at the individual item level,
although the speciﬁc cognitive processes involved are not yet clear.
Our motive for studying the development of groupitizing phenomena, however, goes beyond
investigations of enumeration skill per se. Uncovering the underlying cognitive processes involved
in the development of enumeration ability is of particular interest in education research on the
foundations of mathematical cognition. Just as the development of subitizing and counting have
each been shown to play an inﬂuential role in the later development of symbolic math skills
(Aunio & Niemivirta, 2010; Clements, 1999; Geary, Bow-Thomas, & Yao, 1992; Gelman &
Gallistel, 1978; Kolkman, Kroesbergen, & Leseman, 2013; Kroesbergen et al., 2009), a developmental
investigation of groupitizing may provide unique insights into how enumeration abilities lay the
groundwork for later symbolic arithmetic abilities. We propose that, unlike subitizing and counting,
groupitizing may emerge quite late in childhood because such processes may rely on changes in
conceptual understanding of numbers rather than merely on reﬁnements in perceptual processes.
For example, children may initially understand the meaning of a number only via experience with
the counting sequence, and so grouping cues may present little or no beneﬁt for enumeration. How-
ever, through experience with "counting on" and adding sets, the meaning of a speciﬁc number
begins to include the various combinations of smaller numbers that make up that number. This pro-
gressive enrichment of the semantics of numbers may play a central role in the emergence of
groupitizing. Thus, examining how set size affects exact enumeration latencies for grouped arrays
compared with ungrouped arrays may provide insights into changes that occur in the way children
employ number concepts.
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This study was a developmental investigation of children’s enumeration ﬂuency, exploring how the
time required to name the cardinal value of an array is inﬂuenced by stimulus design manipulations
that produce subgroups within an array. This inﬂuence of spatial grouping on enumeration time is
referred to as the structure effect. Although young children possess the perceptual abilities necessary
to perceive subsets in an array (Feigenson & Halberda, 2004, 2008; Quinn, Bhatt, & Hayden, 2008), it is
unclear whether this ability is sufﬁcient to enable groupitizing. If perceptual abilities fully account for
the structure effect (Van Oeffelen & Vos, 1982), all children in the current study should derive some
reaction time beneﬁt from grouped arrays relative to unstructured arrays, similar to the beneﬁts
exhibited by adults. However, if perceptual abilities do not account for the structure effect, reaction
times for grouped and unstructured arrays should be the same and should demonstrate the set size
effect that is characteristic of enumeration.
Alternatively, we proposed that the structure effect depends on children’s conceptual advances in
their understanding of numbers and the sets that compose them. This alternative predicts a develop-
mental shift in which kindergarten-age children will not derive a reaction time beneﬁt from grouped
arrays, but older children, who have a richer understanding of numbers, will demonstrate a clear
structure effect.
We addressed three central issues in the current study. First, we examined the effect of spatial
grouping on enumeration reaction time and how this effect changes in a cross-sectional sample of
children in kindergarten through third grade. Whether groupitizing beneﬁts emerge over the course
of early elementary school or are equally present in all grades will provide insights into how advances
in number concepts may play a role in enumeration.
A second goal of this study was to use set size effects to gain more speciﬁc insights into speciﬁc
number concepts that produce groupitizing beneﬁts for children. As demonstrated in the adult enu-
meration literature, one powerful strategy for differentiating cognitive processes underlying enumer-
ation ability is to examine how increases in set size affect enumeration latency. Thus, we evaluated
how systematically manipulating the total set size of an array interacts with the structure effect
and further examined how this interaction changes from kindergarten through third grade.
The nature of set size effects for grouped arrays may help to constrain theoretical interpretations of
the cognitive processes that enable grouping beneﬁts. For example, if groupitizing is attributable to
counting on from one rapidly identiﬁed subset, reaction times for grouped arrays should demonstrate
the same positive slope across set sizes that is characteristic of serial counting. Alternatively, if group-
itizing is enabled by a process of identifying the cardinal values of each subgroup and then determin-
ing the total array size via retrieval of symbolic math facts, grouping beneﬁts might produce an overall
shift in reaction time intercept, yet still produce a signiﬁcant positive slope as set size increases. This
result would resemble the results of symbolic arithmetic tasks that demonstrate linear increases in
reaction times as the magnitude of the operands or the sums increase (Butterworth, Zorzi, Girelli, &
Jonckheere, 2001; Zbrodoff & Logan, 2005). A third possibility, in line with our hypothesis, is that
groupitizing is supported by another form of conceptual knowledge that allows more direct access
to the speciﬁc cardinal value of a set when viewing an array of subitizable subsets. Such a process
would predict no set size effect (i.e., a reaction time slope of zero across set sizes) because it would
not be mediated by serial attention shifts associated with counting or by retrieval of verbal math facts.
The third goal of this study was to examine individual differences in groupitizing to (a) determine
whether variability in this skill is linked to concurrent variability in symbolic math ﬂuency skills and
(b) investigate whether groupitizing reﬂects an ability that is distinct from other well-established
numerical abilities important for predicting math ﬂuency. For example, individual differences in sub-
itizing and serial counting skills have been shown to underlie and predict math development (Aunio &
Niemivirta, 2010; Clements, 1999; Geary et al., 1992; Gelman & Gallistel, 1978; Kolkman et al., 2013;
Kroesbergen et al., 2009). In addition, recent research has shown that children’s approximate number
acuity, which reﬂects the ability to estimate the quantity of a large set of items without counting, is
related to math development (Halberda, Mazzocco, & Feigenson, 2008; Libertus, Feigenson, &
Halberda, 2011). We explored whether there is a link between groupitizing and math ﬂuency that
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unique and important building block for early mathematical ﬂuency.
Method
Participants
Participants were 378 typically developing kindergarten through third-grade children with normal
or corrected-to-normal vision who spoke English as their ﬁrst language. All participants attended pri-
vate schools in the greater Nashville, Tennessee, area in the southern United States. Letters were
mailed to parents of children in this age range who were enrolled at the identiﬁed schools, and parents
who were willing to allow children to participate returned signed consent forms to the laboratory. All
children whose parents returned signed consent forms participated in the study. Of the 378 children
who participated, 347 had data that met inclusion criteria (see ‘‘Exclusion of data’’ section below).
Table 1 shows demographic information for participants in each grade. Note that parental ques-
tionnaires were returned for only 106 of these 347 participants, so data for median parental years
of education and family income reﬂect only these 106 participants (evenly distributed across grades).
In addition, one participant in the kindergarten group had a reported family income 3 standard devi-
ations above the mean, and this participant was excluded as an outlier for that variable. No participant
was identiﬁed as living below the poverty line.
Procedure
This investigation was part of a larger study in which children were excused from class to partic-
ipate in two 1-h sessions in rooms with minimal noise and distraction. These sessions occurred during
the fall semester of the school year, beginning in September and extending into November. For each
participant, there was a lag of no more than 2 weeks between the ﬁrst and second sessions. All par-
ticipants performed the Exact Enumeration (EE) task in which they enumerated sets of one to eight
dots as fast as possible. Participants also took the Woodcock–Johnson III Math Fluency (MF) subtest
and completed an approximate number system (ANS) acuity task on the computer. Trained experi-
menters administered the MF subtest during one session and the EE task and ANS acuity task during
another session, with session order varying across participants. All children received stickers for com-
pleted tasks and a certiﬁcate of achievement at the end of their second session.
Exact Enumeration task
Stimulus design
Stimuli consistedof blackdots on agray screen. For all set sizes,weused two levels of dot size and two
levels of dot density to control for the cueing effects of these perceptual characteristics. Dotswere either
3 or 6 mmindiameter (uniformsizewithin an array), and arrays spanneda total area of either 5 or 10 cm
in diameter. Thus, set size was presented in four combinations of dot size and density: small dots with
low density, small dots with high density, large dots with low density, and large dots with high density.
Unstructured stimuli were created using a MATLAB 7 (MathWorks) script that randomly generated
locations for dots. All unstructured arrays with a set size of more than three dots were not arranged inTable 1
Demographic information for participants (N = 347).
n Mean age in
years (SD)
Sex (number of
boys)
Median years of parental
education (SD)
Median family income in
U.S. $ (SD)
Kindergarten 91 6.04 (0.41) 45 17.58 (1.76) 180,000 (335,297)
First grade 88 6.93 (0.45) 42 17.00 (1.75) 177,500 (189,747)
Second
grade
76 8.00 (0.38) 42 17.00 (1.61) 180,000 (219,446)
Third grade 92 8.97 (0.38) 44 17.00 (1.65) 200,000 (107,111)
Table 2
Sample stimuli for set sizes 5 to 7 in both structure conditions.
Set size Stimulus structure
Unstructured Grouped
5
6
7
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Zbrodoff, 2003; Mandler & Shebo, 1982). For arrays with a set size of more than one dot, we calculated
the distance between each dot and the closest neighboring dot. To ensure that each unstructured stim-
ulus had very weak perceptual grouping cues, we maintained between-dot distances that varied by
less than 3 mm across all arrays. To control for the impact of number of subgroups on enumeration
time, each grouped stimulus contained three subgroups. In addition, all grouped stimuli within a
set size appeared in the same combination of subset numerosities (e.g., grouped 5 always appeared
as two groups of 2 and one group of 1, grouped 7 always appeared as two groups of 3 and one group
of 1). Table 2 shows sample stimuli for set sizes in both structure conditions.
Grouped stimuli were created in two steps using the same MATLAB 7 program. Individual sub-
groups were generated ﬁrst, and then locations for these subgroups were generated separately. Sub-
group images were superimposed on locations by matching the center pixel of each subgroup with the
exact coordinates of the location. For half of the stimuli, subgroups with the same number of dots had
the same conﬁguration; for the other half of the stimuli, different conﬁgurations were used. For exam-
ple, for grouped 7, the same subgroup of 3 was superimposed over two locations; for the other half of
the grouped 7 stimuli, two different subgroups of 3 were used. The distance between dots in each sub-
group and between subgroup locations was calculated for each stimulus generation iteration. Grouped
stimuli with a ratio of inter-dot distance to inter-location distance that was between 1:4 and 1:5 were
viewed as having sufﬁciently strong perceptual grouping cues and were selected for use in the task.
This mathematical approach to creating stimuli helped to ensure that all arrays were distinctly per-
ceptible as unstructured or grouped.Task administration
The EE task was administered using Paradigm (Perception Research Systems) on a Dell Latitude
E6500 laptop computer with a 15.4-inch display. To encourage the level of precision associated with
exact enumeration, participants were told to pretend that they were helping the experimenter make
labels for ﬁsh food containers and, thus, the number needed to be exactly correct. When a tray of ﬁsh
food appeared on the computer screen, participants’ job was to say exactly how many pieces of ﬁsh
food they saw. They were urged to enumerate as quickly and accurately as possible and to remain
quiet until reporting the cardinal value of the set into a handheld Audio-Technica ATR20 microphone
that recorded their vocalizations. Words such as ‘‘count’’ and ‘‘group’’ were explicitly avoided in the
instructions so as not to cue children to use any particular enumeration strategy.
Participants were given ﬁve practice trials before starting the EE task. Stimuli were presented in
random order, with unstructured and grouped arrays intermixed. Before each stimulus onset, the par-
ticipant saw a small ﬁxation circle in the center of the screen. After verifying the child was ﬁxated and
ready, the experimenter pressed the spacebar to cue the onset of the trial, and the stimulus appeared
after 500 ms. The stimulus remained on the screen for as long as the child took to enumerate. After
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next ﬁxation.
Each set size was presented eight times for a total of 64 trials; set sizes 1 to 3 each occurred eight
times in the unstructured condition, and set sizes 4 to 8 each occurred four times in the unstructured
condition and four times in the grouped condition. Trials were split into three blocks (21 or 22 stimuli
per block) to allow participants to take short breaks. No trial-by-trial feedback was given for accuracy
or speed, but after each block the experimenter reminded children to enumerate as quickly and accu-
rately as possible.
Identifying enumeration voice onset time
Microphone recordings of participants’ responses began at stimulus onset and ended after each
vocalization, resulting in one sound ﬁle for each completed trial. Digital recordings of each trial were
evaluated by one of four independent raters. Raters marked enumeration latency for each trial using a
semi-automated voice onset latency estimation software package (Utterance 1.0, Perception Research
Systems); enumeration latency started at the onset of the visual stimulus and ended at the onset of par-
ticipants’ vocalizationwhileblind to array structure (unstructured or grouped). Interrater reliabilitywas
calculated using 20 participants’ sound ﬁles (1280 ﬁles in total) that were coded by all raters and com-
paredwitha single ‘‘master rater.’’ For all raters, kappa > .80,p < .001,with the codingof themaster rater.
Exclusion of data
Approximately 13% of trials were excluded for one or more of the following reasons that impacted
the validity of the correct response reaction time measure: an inaccurate initial answer, an accurate
initial answer that was changed within the recording epoch to an inaccurate answer, or an answer that
was so unclear that accuracy could not be deﬁnitively assessed. A total of 13 stimulus cells were
formed by the factorial crossing of the two grouping conditions (unstructured and grouped) and the
ﬁve set size conditions (4, 5, 6, 7, and 8) plus the three unstructured set sizes in the subitizing range
(1, 2, and 3). Outliers were deﬁned as any value greater than 3 standard deviations above the mean
value of the corresponding stimulus cell. Approximately 2% of trials were excluded as outliers.
For each participant and each stimulus cell, mean reaction time was calculated from the remaining
valid reaction times. Participants with fewer than two valid trials per stimulus cell were reported as
having insufﬁcient data for that particular stimulus cell. A total of 31 participants with more than 7 of
the 13 stimulus cells containing insufﬁcient data were excluded from further analyses, such that data
were analyzed only for participants who correctly responded with a valid reaction time to at least two
of the four trials in each stimulus cell (or four of the eight trials for set sizes 1–3). These exclusion cri-
teria resulted in a ﬁnal sample of 347 participants across all four grades (see Table 1).
Set sizes 1, 2, and 3 provided measures of subitizing speed (Chi & Klahr, 1975). Set sizes 4 and 8
were included in the stimulus design as ﬁller trials, and excluded from the primary analyses, because
they represent the smallest and largest set sizes for arrays that appeared in both grouping conditions
and, thus, may be treated differently from other conditions and introduce boundary effects. As such,
the primary analyses designed to test the central hypotheses of the study comparing enumeration of
grouped and unstructured arrays focused on set sizes 5 to 7.
In addition to enumeration latencies, reaction time slopes were calculated to isolate the impact of
set size while controlling for individual differences in overall processing speed, which may be unre-
lated to set size effects on enumeration ﬂuency. Slopes for unstructured 1 to 3, unstructured 5 to 7,
and grouped 5 to 7 were calculated as measures of subitizing, counting, and grouping ﬂuency, respec-
tively. Because each slope was calculated from only three data points for each participant, slope cal-
culations were performed only on participant datasets that contained sufﬁcient data for all of these six
critical stimulus cells. Of the participants included in the analysis of variance (ANOVA), 51 failed to
meet the inclusion criterion of the slope analysis due to having fewer than two valid responses in
one of the six critical conditions (n = 296 for slope analyses). Excluding participants from the slope
analyses did not signiﬁcantly change the mean age, median of either socioeconomic status variable,
or mean Math Fluency standard scores for any grade. The majority of participants who failed the
inclusion criterion for the slope analysis were from the kindergarten and ﬁrst-grade groups. The grade
distribution for children included in the slope analyses was as follows: 69 kindergartners (32 boys and
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graders (43 boys and 44 girls).
Approximate number acuity task
Approximate number acuity is typically assessed via psychophysical tasks that challenge partici-
pants to assess which of two sets is more numerous without counting, while systematically varying
the ratio between the sets sizes so as to determine the smallest ratio at which an individual participant
can reliably perform the task. During the same session as the EE task, participants completed a com-
puter-based approximate number acuity task as part of another study (Viarouge & McCandliss, 2014)
in which they compared two quantities of ‘‘stars’’. The ‘‘stars’’ were two arrays of white dots presented
on a gray background on the left and right sides of a computer screen. Stimuli were presented simul-
taneously for 1200 ms, which is not enough time for children to count the arrays (Svenson & Sjöberg,
1983). Participants had 3000 ms to indicate which side of the screen had a greater quantity of stars by
pushing the corresponding side of a two-button mouse.
Quantities ranged from 6 to 21, and the ratio of the two quantities presented varied among six dif-
ferent ratios (3:8, 1:2, 3:4, 13:16, 7:8, and 15:16). Each array was generated using MATLAB to create a
counterbalanced set of stimuli, such that on half the trials the array with the greater quantity of stars
had a larger overall surface area (correlated trials) and on the other half of the trials the array with the
smaller quantity of stars had the larger surface area (anti-correlated trials). This design feature pre-
vented participants from attempting to assess non-numerical characteristics of the arrays to deter-
mine which array was greater in quantity.
The acuity of each individual’s approximate number discrimination abilities was quantiﬁed by
determining a ‘‘Weber fraction’’ value. An individual’s Weber fraction corresponds to the critical ratio
by which two arrays must differ for that individual to reliably determine (i.e., equivalent to 75% accu-
racy) which array holds the greater quantity (Halberda et al., 2008). Smaller Weber fractions reﬂect
the ability to discriminate between smaller ratios of quantities and, thus, greater acuity (Halberda
et al., 2008; Libertus et al., 2011). Although reliability coefﬁcients for the EE task and this variant of
the task have not been established, concurrent validity assessments conducted as part of this study
are reported below.
Woodcock–Johnson III Math Fluency subtest
The Woodcock–Johnson III is a widely used standardized test of academic achievement and is
normed for use with participants 5 years of age and older. The MF subtest is a timed pencil-and-paper
test of basic arithmetic facts. Raw scores are based on how many problems are answered correctly
within 3 min, and age-standardized scores indicate how individuals perform compared with their
age-matched peers in a normed sample. Problems are presented symbolically, in a vertical format,
and answers must be written as Arabic numerals. Addition and subtraction problems are intermixed,
and multiplication is introduced after Item 60. Among our sample, for each grade group, MF age-stan-
dardized scores did not differ signiﬁcantly from the normed average. The test–retest reliability coef-
ﬁcient for MF has been reported to be .95 (Schrank, McGrew, & Woodcock, 2001).Results
Enumeration latency data from conditions including set sizes 5, 6, and 7, (N = 347) were submitted
to a mixed-model, repeated-measures ANOVA. Results (displayed in Table 3) showed signiﬁcant main
effects of the between-participants factor of grade as well as the within-participants factors of set size
and structure, indicating that enumeration latencies change with set size and grade level but are also
inﬂuenced by array structure. Furthermore, each potential two-way interaction was also signiﬁcant,
indicating that the degree to which children beneﬁt from group structure changes over grades as well
as over array size. Importantly, the three factors of grade, set size, and group structure produced a
signiﬁcant three-way interaction, indicating that the way group structure is inﬂuenced by set size
Table 3
Omnibus ANOVA results for enumeration latencies (N = 347).
Source df F p Partial g2
Grade 3,289 102.120 <.001 .515
Set size 2,578 221.232 <.001 .434
Structure 1,289 110.191 <.001 .276
Set Size*Grade 6,578 8.535 <.001 .081
Structure*Grade 3,289 6.499 <.001 .063
Set Size*Structure 2,578 36.102 <.001 .111
Set Size*Structure*Grade 6,578 4.914 <.001 .049
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explored via the original motivating questions of the study.
As a precursor to further investigation of enumeration latencies, we ﬁrst assessed whether accu-
racy varied signiﬁcantly across stimulus condition or grade. Participants’ accuracy data for unstruc-
tured and grouped 5, 6, and 7 were submitted to a mixed-model, repeated-measures ANOVA.
Means and standard deviations are reported in Table 4. Results showed no signiﬁcant main effects
or interactions for the factors of set size, grade, or structure. Therefore, all remaining analyses focus
on reaction time as a more informative measure of enumeration performance.When does groupitizing ﬁrst emerge, and how does it develop over the ﬁrst years of formal schooling?
Omnibus ANOVA results showed a main effect of structure, indicating that enumeration latencies
are different for unstructured and grouped arrays. As Fig. 1 shows, average enumeration time for
grouped arrays was faster than for unstructured arrays. ANOVA results also show a main effect of
grade; Fig. 1 demonstrates that children in more advanced grade levels have faster enumeration laten-
cies for both structures.
Importantly, the ANOVA revealed a Structure  Grade interaction, indicating that the effect of array
structure changes across grades. These ﬁndings (shown in Fig. 1) demonstrate that the reaction time
beneﬁt that is characteristic of groupitizing emerges in ﬁrst grade.How does the effect of set size change across grades for groupitizing versus counting?
The ANOVA showed a main effect of set size, indicating that enumeration latencies change as set
size changes. Fig. 2 shows that as set size increases, enumeration latencies increase—an established
effect that is characteristic of enumeration (Trick & Pylyshyn, 1994; Zbrodoff & Logan, 2005). The
ANOVA also revealed a Set Size  Structure interaction, indicating that increasing set size has a differ-
ent impact on enumeration when an array is grouped versus unstructured. Paired-sample t tests show
that for set sizes 6 and 7, grouped arrays are enumerated faster, t(318) = 7.973, p < .001, d = 0.37, and
t(315) = 10.553, p < .001, d = 0.52, respectively. For set size 5, there is no signiﬁcant difference in
reaction times for the two structures.Table 4
Mean percentage accuracy (and SE) (N = 347).
Stimulus condition
5 dots 6 dots 7 dots
Unstructured Grouped Unstructured Grouped Unstructured Grouped
Kindergarten 94.5 (0.55) 93.8 (0.57) 92.9 (0.61) 94.6 (0.55) 93.9 (0.58) 93.4 (0.60)
First grade 94.0 (0.57) 94.3 (0.57) 94.9 (0.55) 93.2 (0.60) 93.8 (0.58) 93.8 (0.59)
Second grade 94.3 (0.57) 94.0 (0.57) 94.2 (0.57) 93.5 (0.59) 93.9 (0.58) 93.8 (0.59)
Third grade 94.4 (0.56) 94.2 (0.57) 94.5 (0.56) 94.1 (0.57) 94.1 (0.57) 93.9 (0.58)
Fig. 1. Mean enumeration latencies (with standard error bars) for unstructured and grouped arrays from kindergarten (K)
through third grade. ⁄Signiﬁcant at p < .05. ⁄⁄Signiﬁcant at p < .001.
Fig. 2. Enumeration latencies for unstructured and grouped arrays, set sizes 5 to 7, for each grade level.
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grade, and structure, suggesting that the reaction time beneﬁt gained from grouping differs across
set sizes and grades (as shown in Fig. 2). For each grade level, paired-sample t tests were conducted
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structure effect develops across set size. Kindergartners showed no signiﬁcant differences in reaction
time between unstructured and grouped arrays for set sizes 5, 6, or 7. In contrast, ﬁrst graders were
faster to enumerate grouped than unstructured arrays 6 and 7, t(78) = 3.05, p < .01, d = 0.37, and
t(77) = 4.14, p < .001, d = 0.51, respectively. Second and third graders followed a similar pattern,
yet with even stronger effects of structure evident for set sizes 6 and 7. Furthermore, Fig. 2 shows that
when children in more advanced grades enumerated grouped arrays, the slope of the set size effect
approached zero. Thus, the ubiquitous set size effect appears to vanish as grade level increases and
grouping cues are available.
To directly test how the set size effect changes across grade levels for different structure conditions,
a series of one-sample t tests compared counting slope and grouping slope against zero at each grade
level. Kindergartners’ counting and grouping slopes were signiﬁcantly greater than zero, indicating the
presence of a set size effect: for counting slope, t(68) = 9.26, p < .001, d = 1.11; for grouping slope,
t(68) = 7.51, p < .001, d = 0.90. First graders showed a similar pattern of results for counting slope,
t(70) = 8.44, p < .001, d = 1.00, and grouping slope, t(70) = 6.22, p < .001, d = 0.74. Counting slopes were
signiﬁcantly greater than zero for second graders, t(68) = 10.69, p < .001, d = 1.29, and third graders,
t(86) = 10.67, p < .001, d = 1.14. However, grouping slopes were not signiﬁcantly different from zero
for either the second grade, t(68) = 1.45, p = .153, or third grade group, t(86) = 0.968, p = .336. This crit-
ical result demonstrates that the characteristic set size effect that is clearly evident for unstructured
arrays disappears when second and third graders enumerate grouped arrays.Is groupitizing related to math development and can its contribution be distinguished from other
enumeration processes?
Standardized measures of symbolic math ﬂuency (MF raw scores) were used as an index to explore
the relationship between different aspects of enumeration ﬂuency and more complex symbolic math
skills learned in school. The relationship between counting skill and arithmetic ability has been estab-
lished in previous research (Aunio & Niemivirta, 2010; Fischer et al., 2008; Geary et al., 1992; Gelman
& Gallistel, 1978). Thus, we sought to replicate and extend these ﬁndings by examining how arithme-
tic ﬂuency is linked to individual differences in counting and groupitizing in our sample.
Correlations were ﬁrst calculated between MF raw scores and enumeration latency at each set size
5, 6, and 7, across both the grouped and unstructured conditions (see Table 5). Enumeration latencies
within each of these conditions correlate negatively with MF raw scores, indicating that faster count-
ing and groupitizing are strongly linked to more ﬂuent symbolic arithmetic skills.
To investigate whether groupitizing is uniquely linked to individual differences in arithmetic ﬂu-
ency, we used linear regression models to compare the contributions of groupitizing, serial counting,
subitizing, and Weber fraction in predicting MF scores. Because enumeration latencies include differ-
ences in overall processing speed, which may vary across individuals (Lassaline & Logan, 1993), these
analyses focused on the slope of reaction times across set sizes 5, 6, and 7, as a variable that captures
the ﬂuency of enumeration (i.e. ﬂatter slopes indicating less time needed for each additional dot and
thus greater ﬂuency). The purpose of the regression analyses was to examine the contributions of
groupitizing to math ﬂuency and then to examine whether groupitizing contributions to math ﬂuencyTable 5
Pearson correlations between Woodcock–Johnson Math Fluency (raw scores) and enumer-
ation latency for set sizes 5 to 7 within each stimulus structure condition.
Set size Stimulus structure
Unstructured Grouped
5 .59 .60
6 .60 .71
7 .53 .71
Note. All reported correlations are signiﬁcant (p < .001).
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Although several number skills are known to improve as children get older, and the analyses above
indicate that the same is true of groupitizing, we avoided the inclusion of factors such as age and grade
in order to more directly focus on the goal of directly comparing how each enumeration metric cons-
tributed to explaining variation in math ﬂuency.
To determine the extent to which groupitizing is distinct from other enumeration processes that
demonstrate set size effects that can be captured by a single value of slope, subitizing slope and serial
counting slope were included in one regression model with MF raw scores as an outcome measure.
Subitizing slope, counting slope, and grouping slope together were signiﬁcant predictors of MF and
explained 17.4% of the variance in MF. When we partitioned this variance, we found that 14.0% of
the explained variance was shared. Only 1.9% was unique to counting slope and 13.7% was unique
to subitizing slope, whereas 66.8% was unique to grouping slope.
It has been shown that ANS acuity, as measured by Weber fraction, is correlated with math
achievement (Halberda et al., 2008; Libertus et al., 2011), so we expected individual differences in
Weber fraction to predict MF raw scores as well. We compared the contributions of Weber fraction
and grouping slope to examine whether groupitizing predicts unique variance in MF. Our second lin-
ear regression model contrasted both of these measures as predictors of individual differences in MF.
As anticipated, Weber fraction and grouping slope together explained 22.9% of variance in MF raw
scores, F(2,215) = 31.68, p < .001. Partitioning the variance showed that 13.5% of the explained vari-
ance was shared between Weber fraction and grouping slope, 37.6% of the variance was attributable
to Weber fraction, and 48.9% of the variance was attributable to grouping slope. Table 6, top section,
shows the results of the full regression model, including all four measures of number skills, which
together predicted 23.8% of the variance in MF. Taken together, these results suggest that grouping
ﬂuency is uniquely related to arithmetic ﬂuency.
After determining that grouping slope predicts ﬂuency in symbolic arithmetic and is distinct from
other number skills, we investigated whether individual differences in grouping slope are simply due
to age. We repeated the regression analysis using age-standardized MF scores, which index how an
individual compares to his or her age-matched peers; thus, these standardized scores account for nor-
mative developmental shifts in MF skill. Together, the four number skill measures predicted 12.2% of
variance in MF age-standardized scores. Subitizing slope and counting slope did not signiﬁcantly pre-
dict MF standardized scores, but Weber fraction and grouping slope did; partitioning the variance
showed that 66.4% of the explained variance was unique to Weber fraction and 18.9% was unique
to grouping slope. This analysis demonstrates that the unique relationship between ﬂuency in sym-
bolic arithmetic and advances in groupitizing is not fully explained by age.Table 6
Summary of regression models for predicting Math Fluency raw scores (top) and age-standardized scores (bottom) from counting
slope, subitizing slope, Weber fraction, and grouping slope (N = 296).
Full model for predicting Math Fluency raw scores
B SE (B) b t
Subitizing slope .018 .011 .096 1.580
Counting slope .000 .002 .001 0.013
Weber fraction 61.919 12.423 .302 4.984**
Grouping slope .013 .002 .335 5.494**
(R2 = .238)
Final model for predicting Math Fluency age-standardized scores
B SE (B) b t
Subitizing slope .015 .007 .146 2.215*
Counting slope .001 .002 .041 0.617
Weber fraction 29.971 7.479 .264 4.008**
Grouping slope .004 .002 .153 2.318*
(R2 = .122)
* p < .05.
** p < .001.
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The current study explored enumeration skills in early elementary school, the effect of structure
and set size on these skills, and their relationships with symbolic arithmetic. We assessed elementary
school-age children’s ability to groupitize, and how this ability develops from kindergarten through
third grade. We also explored counting and groupitizing ﬂuency as foundational skills for symbolic
arithmetic across all four grades. Finally, we tested whether groupitizing explains unique variance
in arithmetic ﬂuency by comparing its contribution with that of other exact number skills quantiﬁed
by subitizing and counting set size slopes and approximate number skills quantiﬁed by Weber frac-
tion. We discuss the results here in light of the three central issues addressed in the study.Groupitizing requires conceptual developments in number knowledge
Our ﬁrst set of ﬁndings addressed the question of whether perceptual processes can fully explain
the effect of structure on exact enumeration. As previous studies have shown in adults (Wender &
Rothkegel, 2000), our participants enumerated grouped arrays faster than unstructured arrays, show-
ing that at least some children are able to take advantage of grouped arrays for faster enumeration.
This is consistent with previous studies showing that very young children have the perceptual abilities
necessary for spatial grouping (Feigenson & Halberda, 2004, 2008; Quinn et al., 2008) and, thus, should
demonstrate an effect of structure. However, follow-up analyses of each grade showed that this
reaction time beneﬁt was robust for second and third graders, reduced yet clearly present for ﬁrst
graders, and absent for kindergartners. Given that kindergartners possess the perceptual abilities to
groupitize, this developmental effect suggests that perceptual processes do not fully account for
groupitizing but that rather some conceptual development in understanding number is also necessary.
The structure effect emerges and develops over early elementary school as children’s conceptual
knowledge of numbers is being progressively enhanced.Probing the cognitive bases of groupitizing
The next series of ﬁndings further explored the conceptual number processes underlying groupitiz-
ing. We examined the effect of set size so as to differentiate between potential sources of number
knowledge that may enable groupitizing—counting on, math fact retrieval, and set combination. If
children derive a reaction time beneﬁt by using a counting on strategy to count up from one subset
value (Siegler, 1987), there should be a set size effect for groupitizing because serial counting is still
involved in the enumeration process. Similarly, previous research has established the presence of a set
size effect for math fact retrieval (Butterworth et al., 2001; Zbrodoff & Logan, 2005) in which increases
in the magnitude of operands and sums for symbolic arithmetic tasks lead to increases in response
time. If groupitizing depends on access to the same symbolic math facts that demonstrate set size
effects, even the oldest children who show clear groupitizing beneﬁts should show a set size effect
on reaction time for grouped arrays.
The signiﬁcant three-way interaction among grade, set size, and structure demonstrated that reac-
tion time slopes for both types of array structure are ﬂatter for older children and that slopes are gen-
erally ﬂatter for the grouped condition as compared with the unstructured condition. Critically,
analyses that compared slopes with zero revealed that there is no set size effect for grouped arrays
for second and third graders; for these older children, enumeration latency for grouping was uninﬂu-
enced by changes in the number of items displayed. This result is in contrast to numerous studies that
have shown pervasive set size effects in enumeration and symbolic arithmetic tasks (Zbrodoff & Logan,
2005).
The absence of any set size effect for second and third graders’ groupitizing latencies has two major
implications. First, this ﬁnding suggests that second and third graders’ groupitizing ability does not
merely reﬂect a more efﬁcient serial counting process such as counting more rapidly, or counting
on, which would have produced a groupitizing beneﬁt that still exhibited a positive slope for increases
in set size. Second, it suggests that groupitizing for the oldest children is unlikely to be explained
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positive slope for increases in set size.
One possible alternative explanation for how older children are able to produce groupitizing ben-
eﬁts that show no set size effects is that their number concepts have advanced in a way that allows
them to directly access the cardinal value of a set via the speciﬁc combination of subitizable subsets.
Note that each grouped array is composed of exactly three subgroups, all within the subitizing range.
Thus, increases in set size should not increase demands for serial shifts of attention (and additional
time) once children have direct access to the knowledge of the compositional structure of the numbers
5, 6, and 7. For children who have acquired such knowledge of number composition (i.e., the children
in the most advanced grades our sample), this may account for their ﬂat slopes with no impact of set
size; in other words, they may have accessed the quantity of an array beyond the subitizing range
without using serial counting. Thus, grouping items of an array into subitizable subsets may enable
the application of conceptual knowledge of number composition as an alternative pathway to exact
enumeration.
A possible limitation of this analysis is that the third-grade group may have a positive grouping
slope that this analysis is underpowered to detect. However, the median grouping slope for third grad-
ers (n = 87) was 9.9 ms per item. Thus, the ﬁnding that third graders’ grouping slope does not signif-
icantly differ from zero is unlikely to reﬂect a lack of power or sensitivity.
Groupitizing uniquely contributes to the development of math skills
Further analyses pursued the notion that exact enumeration of grouped arrays rests on the ability
to combine sets and, like other basic number skills such as serial counting and subitizing (Aunio &
Niemivirta, 2010; Clements, 1999; Geary et al., 1992; Gelman & Gallistel, 1978; Kolkman et al.,
2013; Kroesbergen et al., 2009), is linked to symbolic math abilities. Although correlation analyses
indicate that both counting and grouping slopes are related to MF raw scores, these relationships
are stronger for grouping. This ﬁnding suggests that a large part of what underlies children’s develop-
ing ﬂuency with symbolic arithmetic is linked to their developing ability to quickly and ﬂexibly draw
on their enriched understanding of numbers as being composed of various combinations of subsets.
We also assessed a variety of foundational number skills in conjunction with groupitizing to deter-
mine whether groupitizing is distinct from these other skills in its contributions to math development.
Using linear regressionmodels, we found that the set size slopes (a ﬂuencymeasure directly affected by
set size, while controlling for overall speed of processing) for subitizing, counting, and groupitizing
together predict substantial variance in MF scores, which provides additional support for previous
research showing that exact enumeration is a foundational number skill that supports mathematical
abilities such as arithmetic reasoning ﬂuency (Aunio & Niemivirta, 2010; Clements, 1999; Geary et al.,
1992; Gelman & Gallistel, 1978; Kroesbergen et al., 2009). Crucially, regression results demonstrated
that individual differences in groupitizing ﬂuency predicted a substantial amount of unique variance
beyond that explained by subitizing and counting. This ﬁnding demonstrates that ﬂuencywith enumer-
ating under conditions that allow set combination taps into a cognitive process that is closely linked to
arithmetic ﬂuency above and beyond simply subitizing or counting unstructured arrays. The degree to
which children are able to ﬂuently determine a total set value through insights into the composition of
the array is linked to advances in ﬂuent arithmetic operations with abstract symbols.
Furthermore, we compared groupitizing, which reﬂects ﬂuency with exact number, with ﬂuency
with approximate number as indexed by participants’ Weber fraction. This measure of skills in the
approximate number domain has previously been shown to predict arithmetic ﬂuency (Halberda
et al., 2008; Libertus et al., 2011). However, in a recent replication of our earlier ﬁndings, Arndt,
Sahr, Opferman, Leutner, and Fritz (2013) showed that groupitizing skills, but not approximate num-
ber skills, predict elementary school math achievement. Our results also demonstrated that both
grouping slope and Weber fraction predicted MF scores but that, importantly, grouping slope pre-
dicted unique variance when compared with Weber fraction.
Relatedly, Fuchs, Geary, and colleagues (2010) evaluated the relationship between ﬁrst graders’
arithmetic skills and set combination skills measured by the Number Sets Test (Geary, Bailey, &
Hoard, 2009; Geary et al., 2007). This timed task requires children to examine combinations of inter-
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given Arabic digit. The Number Sets Test draws on children’s knowledge of number composition
but is more similar to symbolic arithmetic than the EE task because it involves symbolic numbers
and explicit task demands regarding summation. Fuchs, Geary, and colleagues (2010) found that set
combination skills predicted more unique variance in arithmetic skill than did ANS acuity. It is possi-
ble that this correlation is driven by the fact that the Number Sets Test shares common features with
arithmetic skill tests, such as the presence of symbolic numbers and explicit demands on summation.
Interestingly, although our task has no symbolic stimuli, and has no explicit task demands on summa-
tion, our results converge with this ﬁnding and further indicate that abstract knowledge of number
composition is uniquely linked to symbolic arithmetic.
Overall, our regression results demonstrate that groupitizing skill accounts for individual differ-
ences in arithmetic ﬂuency that are unexplained by other foundational skills. Moreover, this ﬁnding
holds when controlling for age-related changes in math ﬂuency. These ﬁndings support the notion
that the contribution of groupitizing to higher level symbolic math is distinct from these other number
processes.
Implications of the current study
By presenting opportunities to use insights into number composition, rather than serial counting,
the EE task measures participants’ ability to take advantage of the grouped structure of an array for
more efﬁcient enumeration. Groupitizing rests on a conceptual understanding of a cardinal value as
composed of subsets; ﬂuent groupitizing does not show an effect of overall set size and, therefore,
may reﬂect a process of subitizing and using insights into number composition to more directly access
the numerosity of an array. Furthermore, groupitizing ﬂuency is a unique predictor of symbolic arith-
metic skills. This relationship is not accounted for by exact counting ability, basic subitizing ﬂuency, or
ANS acuity. This is an important ﬁnding for developmental and educational research, and it converges
with previous studies (Fuchs et al., 2006; Geary et al., 2007; Gersten et al., 2005; Jordan et al., 1994),
suggesting that number composition, in addition to these other skills, is foundational for math devel-
opment in elementary school and beyond.
This study is limited by the cross-sectional design, which introduces the possibility that some devel-
opmental effects are attributable to differences in sampling across grades. However, participants in
each grade were recruited in the same manner from the same schools. Furthermore, an examination
of grade group characteristics demonstrated that, across all grade levels, median years of parental edu-
cation, median parental income, andmeanMF age-standardized scores were equivalent. These precau-
tions mitigate the possibility that the developmental ﬁndings in this study are due to between-group
differences in non-number-related characteristics. Future studies may address similar questions in a
longitudinal design to better track developmental changes in a single sample of participants.
The current study also lacks data addressinghowenumerationof groupedarrays is affectedwhen the
number of subsets, or the size of each subset, extends beyond an individual’s subitizing capacity. Each of
the grouped arrays had exactly three subsets to control for the potential inﬂuence of shifting attention
from one subset to another. However, the current design does not directly assess the assumption that
more subsets would lead to such effects. Similarly, the current design sought to ensure that all children
could subitize the subsets; thus, none of the subsets containedmore than three dots. Future studieswill
investigate how children’s groupitizing is affected by the number of subsets, the subset size, and how
these factors relate to individual differences in subitizing capacity. These investigations will contribute
further to elucidating the role of subitizing in enumeration of grouped arrays.
A further limitation is imposed by the correlational design of this study. Causal relationships can-
not be inferred from the results of the current study, which limits conclusions about whether
increases in children’s conceptual understanding of number composition lead to groupitizing ability
or whether capitalizing on perceptual grouping cues helps children to gain insight into the composi-
tion of sets, thereby enriching their representation of numbers. The directionality of this relationship
could have important implications for pedagogical practices. For example, Fuchs and colleagues
(2009) and Fuchs, Powell, and colleagues (2010) showed that instruction and practice with counting
strategies leads to improvements in number combination skills, although how such transfer effects are
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arithmetic skills, the impact of counting strategy on set combination skills may be mediated by
increases in children’s understanding of number composition. Such a relationship might suggest that
directed practice with enumerating grouped arrays (e.g., Mulligan & Mitchelmore, 2009; Mulligan,
Mitchelmore, & Prescott, 2006) could potentially enhance counting strategy instruction and, thus,
improve transfer to set combination skills. Future research into these questions could incorporate a
randomized training study to establish causal links between groupitizing and number composition.
To summarize, the current study demonstrates that an understanding of number composition
inﬂuences enumeration processes in children. Spatial grouping cues in an array may afford the use
of an alternative enumeration process in which combining sets of subitizable subgroups enables direct
access to exact number, potentially accounting for the effect of structure that Jevons and others noted
in their previous research with adults (Jevons, 1871; Wender & Rothkegel, 2000). This study suggests
that mastery of symbolic math in school relies on the integration of exact and approximate number
skills with set combining skills that reﬂect an awareness of number composition.
Acknowledgments
The authors wish to thank Cathy Yun, Dan Schwartz, Kristen Blair, Kevin Hartman, and Minna
Hannula for previous work and discussions of grouping and math leading up to this study. This work
was supported by NSF 07-595 0816063 PI: McCandliss.
References
Arndt, D., Sahr, K., Opferman, M., Leutner, D., & Fritz, A. (2013). Core knowledge and working memory as prerequisites of early
school arithmetic. South African Journal of Childhood Education, 3, 1–20.
Aunio, P., & Niemivirta, M. (2010). Predicting children’s mathematical performance in grade one by early numeracy. Learning
and Individual Differences, 20, 427–435.
Beckwith, M., & Restle, F. (1966). Process of enumeration. Psychological Review, 73, 437–444.
Butterworth, B., Zorzi, M., Girelli, L., & Jonckheere, A. R. (2001). Storage and retrieval of addition facts: The role of number
comparison. Quarterly Journal of Experimental Psychology A: Human Experimental Psychology, 54, 1005–1029.
Cawley, J., Conneely, K., Heckman, J., & Vytlacil, E. (1996). Cognitive ability, wages, and meritocracy (NBER Working Paper No.
5645). Cambridge, MA: National Bureau of Economic Research.
Chi, M. T. H., & Klahr, D. (1975). Span and rate of apprehension in children and adults. Journal of Experimental Child Psychology,
19, 434–439.
Clements, D. H. (1999). Subitizing: What is it? Why teach it? Teaching Children Mathematics, 5, 400–405.
Compton, B. J., & Logan, G. D. (1993). Evaluating a computation model of perceptual grouping by proximity. Perception &
Psychophysics, 53, 403–421.
Ester, E. F., Drew, T., Klee, D., Vogel, E. K., & Awh, E. (2012). Neural measures reveal a ﬁxed item limit in subitizing. Journal of
Neuroscience, 32, 7169–7177.
Feigenson, L., Carey, S., & Hauser, M. (2002). The representations underlying infants’ choice of more: Object ﬁles versus analog
magnitudes. Psychological Science, 13, 150–156.
Feigenson, L., & Halberda, J. (2004). Infants chunk object arrays into sets of individuals. Cognition, 91, 173–190.
Feigenson, L., & Halberda, J. (2008). Conceptual knowledge increases infants’ memory capacity. Proceedings of the National
Academy of Sciences of the United States of America, 105, 9926–9930.
Fischer, B., Gebhardt, C., & Hartnegg, K. (2008). Subitizing and visual counting in children with problems in acquiring basic
arithmetic skills. Optometry & Vision Development, 39, 24–29.
Fuchs, L. S., Fuchs, D., Compton, D. L., Powell, S. R., Seethaler, P. M., Capizzi, A. M., et al (2006). The cognitive correlates of third-
grade skill in mathematics arithmetic, algorithmic computation, and arithmetic word problems. Journal of Educational
Psychology, 98, 29–43.
Fuchs, L. S., Geary, D. C., Compton, D. L., Fuchs, D., Hamlett, C. L., & Bryant, J. D. (2010a). The contributions of numerosity and
domain-general abilities to school readiness. Child Development, 81, 1520–1533.
Fuchs, L. S., Powell, S. R., Seethaler, P. M., Cirino, P. T., Fletcher, J. M., Fuchs, D., et al (2009). Remediating number combination
and word problem deﬁcits among students with mathematics difﬁculties: A randomized controlled trial. Journal of
Educational Psychology, 101, 561–576.
Fuchs, L. S., Powell, S. R., Seethaler, P. M., Cirino, P. T., Fletcher, J. M., Fuchs, D., et al (2010b). The effects of strategic counting
instruction, with and without deliberate practice, on number combination skill among students with mathematics
difﬁculties. Learning and Individual Differences, 20, 89–100.
Gallistel, C. R., & Gelman, R. (1992). Preverbal and verbal counting and computation. Cognition, 44, 43–74.
Geary, D. C. (2004). Mathematics and learning disability. Journal of Learning Disabilities, 37, 4–15.
Geary, D. C., Bailey, D. H., & Hoard, M. K. (2009). Predicting mathematical achievement and mathematical learning disability
with a simple screening tool: The number sets test. Journal of Psychoeducational Assessment, 27, 265–279.
Geary, D. C., Bow-Thomas, C. C., & Yao, Y. (1992). Counting knowledge and skill in cognitive addition: A comparison of normal
and mathematically disabled children. Journal of Experimental Child Psychology, 54, 372–391.
G.S. Starkey, B.D. McCandliss / Journal of Experimental Child Psychology 126 (2014) 120–137 137Geary, D. C., Hoard, M. K., Byrd-Craven, J., Nugent, L., & Numtee, C. (2007). Cognitive mechanisms underlying achievement
deﬁcits in children with mathematical learning disability. Child Development, 78, 1343–1359.
Gelman, R., & Gallistel, C. R. (1978). The child’s understanding of number. Cambridge, MA: Harvard University Press.
Gersten, R., Jordan, N. C., & Flojo, J. R. (2005). Early identiﬁcation and interventions for students with mathematics difﬁculties.
Journal of Learning Disabilities, 38, 293–304.
Halberda, J., Mazzocco, M. M. M., & Feigenson, L. (2008). Individual differences in non-verbal number acuity correlate with
maths achievement. Nature, 455, 665–668.
Izard, V., Pica, P., Spelke, E., & Dehaene, S. (2008). Exact equality and successor function: Two key concepts on the path toward
understanding exact numbers. Philosophical Psychology, 21, 491–505.
Jevons, W. S. (1871). The power of numerical discrimination. Nature, 3, 281–282.
Jordan, N. C., Kaplan, D., Locuniak, M. N., & Ramineni, C. (2007). Predicting ﬁrst-grade math achievement from developmental
number sense trajectories. Learning Disabilities Research & Practice, 22, 36–46.
Jordan, N. C., Kaplan, D., Ramineni, C., & Locuniak, M. N. (2008). Development of number combination skill in the early school
years: When do ﬁngers help? Developmental Science, 11, 662–668.
Jordan, N. C., Levine, S. C., & Huttenlocher, J. (1994). Development of calculation abilities in middle- and low-income children
after formal instruction in school. Journal of Applied Developmental Psychology, 15, 223–240.
Kaufman, E. L., Lord, M. W., Reese, T. W., & Volkmann, J. (1949). The discrimination of visual number. American Journal of
Psychology, 62, 498–525.
Klahr, D. (1973). Quantiﬁcation processes. In W. G. Chase (Ed.), Visual information processing. New York: Academic Press.
Kolkman, M. E., Kroesbergen, E. H., & Leseman, P. P. M. (2013). Early numerical development and the role of non-symbolic and
symbolic skills. Learning and Instruction, 25, 95–103.
Kroesbergen, E. H., Van Luit, J. E. H., Van Lieshout, E. C. D.M., Van Loosbroek, E., &VandeRijt, B. A.M. (2009). Individual difference in
early numeracy: The role of executive functions and subitizing. Journal of Psychoeducational Assessment, 27, 226–236.
Lassaline, M. E., & Logan, G. D. (1993). Memory-based automaticity in the discrimination of visual numerosity. Journal of
Experimental Psychology, 19, 561–581.
Libertus, M. E., Feigenson, L., & Halberda, J. (2011). Preschool acuity of the approximate number system correlates with school
math ability. Developmental Science, 14, 1292–1300.
Lindberg, S., Linkersdörfer, J., Lehman, M., Hasselhorn, M., & Lonnemann, J. (2013). Individual differences in children’s early
strategy behavior in arithmetic tasks. Journal of Educational and Developmental Psychology, 3, 192–200.
Logan, G. D., & Zbrodoff, N. J. (2003). Subitizing and similarity: Toward a pattern-matching theory of enumeration. Psychonomic
Bulletin & Review, 10, 676–682.
Mandler, G., & Shebo, B. J. (1982). Subitizing: An analysis of its component processes. Journal of Experimental Psychology: General,
111, 1–22.
McCandliss, B. D., Yun, C., Hannula, M., Hubbard, E. M., Vitale, J., & Schwartz, D. (2010, April). ‘‘Quick, how many?’’ Fluency in
subitizing and ‘‘groupitizing’’ link to arithmetic skills. Poster presented at the biennial meeting of the American Educational
Research Association, Denver CO.
McClelland, M. M., Acock, A. C., & Morrison, F. J. (2006). The impact of kindergarten learning-related skills on academic
trajectories at the end of elementary school. Early Childhood Research Quarterly, 21, 471–490.
Mulligan, J., & Mitchelmore, M. (2009). Awareness of pattern and structure in early mathematical development. Mathematics
Education Research Journal, 21, 33–49.
Mulligan, J. T., Mitchelmore, M. C., & Prescott, A. (2006). Integrating concepts and processes in early mathematics: The
Australian Pattern and Structure Mathematics Awareness Project (PASMAP). In J. Novotná, H. Moraová, M. Krátká, & N.
Stehlíková (Eds.). Proceedings of the 30th conference of the international group for the psychology of mathematics education
(Vol. 4, pp. 209–216). Psychology of Mathematics Education: Prague, Czech Republic.
Parsons, S., & Brynner, J. (2005). Does numeracy matter more? London: National Research and Development Centre for Adult
Literacy and Numeracy.
Piazza, M., Giacomini, E., Le Bihan, D., & Dehaene, S. (2003). Single-trial classiﬁcation of pre-attentive and serial attentive
processes using functional magnetic resonance imaging. Proceedings of the Royal Society of London B: Biological Sciences, 270,
1237–1245.
Quinn, P. C., Bhatt, R. S., & Hayden, A. (2008). Young infants readily use proximity to organize visual pattern information. Acta
Psychologica, 127, 289–298.
Sarnecka, B. W., & Carey, S. (2008). How counting represents number: What children must learn and when they learn it.
Cognition, 108, 662–674.
Schrank, F. A., McGrew, K. S., & Woodcock, R. W. (2001). Technical abstract (Woodcock–Johnson III Assessment Service Bulletin
No. 2). Itasca, IL: Riverside.
Siegler, R. S. (1987). The perils of averaging data over strategies: An example from children’s addition. Journal of Experimental
Psychology, 116, 250–264.
Starkey, P., & Cooper, R. G. (1980). Perception of numbers by human infants. Science, 210, 1033–1035.
Svenson, O., & Sjöberg, K. (1983). Speeds of subitizing and count processes in different age groups. Journal of Genetic Psychology,
142, 203–211.
Trick, L. M., & Pylyshyn, Z. W. (1994). Why are small and large numbers enumerated differently? A limited-capacity preattentive
stage in vision. Psychological Review, 101, 80–102.
Van Oeffelen, M. P., & Vos, P. G. (1982). Conﬁgurational effects on the enumeration of dots: Counting by groups. Memory &
Cognition, 10, 396–404.
Viarouge, A., & McCandliss, B. D. (2014). Boosting the approximate number system: The crucial early school years (Unpublished
manuscript). Vanderbilt University.
Wender, K. F., & Rothkegel, R. (2000). Subitizing and its subprocesses. Psychological Research, 64, 81–92.
Zbrodoff, N. J., & Logan, G. D. (2005). What everyone ﬁnds: The problem size effect. In J. I. D. Campbell (Ed.), Handbook of
mathematical cognition (pp. 331–345). New York: Psychology Press.
